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microarrays, the investigators found 
remarkable tissue-specific alterations in 
splicing and in the production of aberrant 
splice products between brain, spinal 
cord, and kidney in SMA mice. It is not 
clear at what stage of disease these mice 
were studied, and it is possible that some 
of the splicing changes might be second-
ary to the pathological process of motor 
neuron degeneration itself. However, 
this study does provide evidence that 
the well-characterized function of SMN 
in snRNP biogenesis may not be sim-
ply a background activity common to all 
cells. Instead, it may be a highly regulated 
process that when perturbed produces 
distinct detrimental effects in the spinal 
cord, the tissue that degenerates in SMA. 
It remains to be resolved why significant 
aberrations detected in splicing in other 
tissues, such as kidney, do not produce 
a phenotype. If aberrant splicing is a sig-
nificant factor in the motor neuron degen-
eration seen in SMA, the challenge now 
is to understand precisely how this leads 
to cell death. This will involve a detailed 
assessment of the complex expression 
patterns of different transcripts and also 
a specific focus on motor neurons, as 
the spinal cord contains many cells not 
affected in SMA. Although it is clear that 
SMN deficiency affects motor neurons 
in a distinct way, there remains much to 
learn about the mechanistic details of cell 
death in this most catastrophic of neuro-
logical diseases.
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The chaperone/usher pathway is responsible for the assembly of adhesive pili on the surface of 
gram-negative pathogenic bacteria. In this issue, Remaut et al. (2008) present the crystal structure 
of the PapC usher translocation domain and images of the FimD usher bound to a pilus transloca-
tion intermediate. These new structures provide the first detailed view of a translocase in action.Protein translocation across membrane 
barriers is a fundamental process in all 
cellular organisms and a key component 
to host-pathogen interactions. Multiple 
structural analyses and genetic and bio-
chemical studies have led to the discov-
ery of several protein-conducting chan-
nels that utilize a variety of mechanisms 
(pushing, pulling, and ratcheting) for pro-
tein translocation. In general, the post-
translational translocation of folded pro-
teins is conducted by β-barrel channels in 
the bacterial outer membrane or nuclear 
pores comprised of α-helical transmem-
brane segments, whereas β-barrel chan-
nels of the mitochondrial outer membrane 574 Cell 133, May 16, 2008 ©2008 Elsevier translocate proteins in an unfolded state. 
In contrast, the cotranslational transloca-
tion of bacterial and eukaryotic secre-
tory proteins occurs across homologous 
α-helical channels (Sec) in the bacte-
rial inner membrane or the endoplasmic 
reticulum (ER). Although many advances 
have been made toward understand-
ing protein translocation across different 
membranes, further progress in the field 
is hindered by the absence of high-reso-
lution structures that definitively portray a 
translocase in action.
In this issue of Cell, the elegant stud-
ies performed by Remaut et al. (2008) 
reveal how the large protein fibers Inc.of type 1 (Fim pathway) and P (Pap 
pathway) pili of pathogenic E. coli are 
transported across the bacterial outer 
membrane by a translocon termed the 
“usher.” Using crystal structure analysis 
of the usher combined with single par-
ticle cryo-electron microscopy of the 
usher containing a translocation inter-
mediate in lipids, the authors provide 
the first view of a translocase bound 
to a secretion intermediate at astound-
ing resolution. The PapC usher forms 
a large 24 strand β-barrel channel with 
inner dimensions of 45 Å by 25 Å that 
is sufficient for the translocation of the 
folded pili subunits PapA/K/E/F/G or 
figure 1. The chaperone Usher Pathway
(1) The pili subunits (FimA/F/G/H) are translocated across the α-helical SecYEG translocon where their signal sequence is removed prior to interaction with 
their cognate chaperone FimC. 
(2) The pili subunits fold and associate with FimC into a complex stabilized by donor-strand complementation or the intercalation of the chaperone with the 
C-terminal domain of the subunit. 
(3) The heterocomplex displays a “P5 binding pocket” that directs their recruitment by the N-terminal domain (N2) of FimD or usher 2. 
(4) The trimeric N1-FimC-FimA complex at the usher undergoes donor-strand exchange where the N-terminal region of FimA integrates into the C terminus of 
the previously assembled pili subunit. 
(5 and 6) This causes the dissociation of N1 and FimC, enabling N2 to deliver the next subunit and freeing N1 for subunit recruitment (6).by extension, FimA/F/G/H via the FimD 
usher. In the inactive state, the perme-
ability barrier of the channel is main-
tained by a unique β stranded plug that 
extends from the internal β strands (6 
and 7) of the usher and is submerged 
deep into the translocation channel.
Sequence and secondary structure 
conservation of the known ushers sug-
gest that all of these channels possess 
a conformation that is homologous to 
PapC. This enabled the structural data 
to be extrapolated to the type 1 usher 
FimD. Using single particle cryo-EM of 
lipid membranes containing FimD with 
a translocating FimF/G/H tip complex, trapped through association of the FimC 
chaperone with a FimF subunit, the 
mechanistic contribution of the usher 
was observed at a high resolution. In 
line with prior mutational analysis and 
2D crystals of PapC, this study demon-
strated that a translocating Fim complex 
possesses two ushers in tandem (Li et 
al., 2004; So and Thanassi, 2006). Strik-
ingly, one usher is shown to be actively 
involved in the translocation and assem-
bly of the pili, while the other remains 
closed. The two usher system is pro-
posed to facilitate substrate recruitment, 
whereby the N-terminal regions deliver 
the chaperone-subunit complexes in an Cellalternating fashion to the open usher for 
pili assembly and polymerization. This 
model could potentially explain how the 
usher conformation is tilted toward the 
kinetically “on” state when pili subunits 
are available, as recently described by 
Nishiyama et al. (2008).
The present work combined with sev-
eral other studies positions the chaper-
one usher pathway as the most mech-
anistically understood translocation 
process at a structural level (reviewed 
in Sauer et al., 2004). The current model 
begins with the signal sequence directed 
secretion of the pili subunits across the 
bacterial inner membrane in a Sec-de- 133, May 16, 2008 ©2008 Elsevier Inc. 575
pendent process (Figure 1). Within the 
periplasm, the pilus subunits FimA/F/
G/H and PapA/K/E/F/G associate with 
their cognate chaperones FimC or PapD, 
respectively. Once folding is completed, 
the chaperone-subunit complex is sta-
bilized by “donor-strand complementa-
tion” where the chaperone completes 
the C-terminal immunoglobulin (Ig)-fold 
of the pili subunit by donating a β strand. 
These heteromeric complexes form a 
distinct “P5 pocket” between the chap-
erone and pilus subunit that enables their 
specific recognition by the N-terminal 
domain of the usher. After recruitment, 
the usher N-terminal domain directs the 
chaperone and substrate to the channel. 
The trimeric complex undergoes “donor-
strand exchange,” where the N-terminus 
of the incoming pili subunit integrates 
into and completes the C-terminal Ig fold 
of the previously added subunit followed 
by dissociation of the usher N-terminal 
domain and the chaperone (Sauer et al., 
2002).
Usher-mediated polymerization and 
translocation of pili across the bacterial 
outer membrane occurs by an ATP-in-
dependent mechanism (Jacob-Dubuis-
son et al., 1994). This raises the obvi-
ous question: How is the usher gated? 
Previously, it has been shown that the 
adhesion domain of the tip protein FimH 
activates the usher, but how the plug 
is shifted toward the open state is not 
known (Saulino et al., 1998). Remaut et 
al. (2008) postulate that gating could 
be regulated by energy stored in sev-
eral forms. Energy could be contained 
within the structural strain of the hair-
pin that stabilizes the plug in a closed 
state, liberated during N-terminal bind-
ing to the chaperone-subunit complex, 
or released by an unknown interaction 
with the C-terminal usher domain (So 
and Thanassi, 2006). Although these are 
all potential mechanisms, the N-termi-576 Cell 133, May 16, 2008 ©2008 Elseviernal interaction cannot provide all of the 
energy for gating and translocation, as 
this would preclude the ability to isolate 
the translocation intermediates stalled 
by the N-terminal association with the 
FimC chaperone and FimF subunit.
It is likely that the energy for release of 
the plug is provided in a synergistic step-
wise fashion that involves a combination 
of several processes. For instance, an 
interaction of the plug domain with the 
C-terminal region could stabilize it in a 
closed state storing energy as electro-
static repulsion between the like charges 
of the plug and periplasmic region of 
the usher. Upon N-terminal recruitment 
of the chaperone-subunit complex, the 
C-terminal domain is displaced. At this 
stage, the electrostatic repulsion initiates 
the upward motion of the plug facilitating 
the release of the energy stored in the 
β-hairpin strain, which finally drives the 
channel to an open state. Future studies 
of the usher C-terminal domain utilizing 
the findings and techniques developed 
by Remaut et al. (2008) should dramati-
cally aid in unraveling how the usher is 
gated.
In contrast to other translocation 
channels, the conservation of type 
1 pilus biogenesis by the chaperone 
usher pathway in many highly patho-
genic bacteria broadens the impact of 
elucidating the structural basis for how 
the usher functions. From a clinical per-
spective, understanding how the usher 
is gated and the pili are attached should 
aid in the development of therapeutics 
capable of targeting and inhibiting the 
formation of these adhesive structures 
associated with virulence. Currently, a 
family of small molecules (pilicides) are 
being developed that interfere with pilus 
formation by inhibiting the binding of 
chaperone-pilin subunit complexes to 
the usher (Pinkner et al., 2006). Further-
more, a common characteristic of both  Inc.β-barrel (usher, Tom40, and Tim22) and 
α-helical (SecY) translocation channels 
may be that they both function as homo-
oligomers (Osborne and Rapoport, 
2007). Through studies on the chaper-
one usher pathway, Remaut et al. (2008) 
have provided the first definitive proof of 
a protein-conducting channel operat-
ing as a dimer. Indeed, other channels 
from different organisms will have to be 
analyzed in a similar manner to deter-
mine whether all homo-oligomeric chan-
nels utilize only a single copy for trans-
location. It remains to be determined 
whether additional intermediates can be 
created and analyzed in a similar fash-
ion to resolve the various stages of the 
translocation process that have yet to be 
addressed.
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